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Metazoans express three unfolded protein re-
sponse transducers (IRE1, PERK, and ATF6)
ubiquitously to cope with endoplasmic reticu-
lum (ER) stress. ATF6 is an ER membrane-
bound transcription factor activated by ER
stress-induced proteolysis and has been dupli-
cated in mammals. Here, we generated ATF6a-
and ATF6b-knockout mice, which developed
normally, and then found that their double
knockout caused embryonic lethality. Analysis
of mouse embryonic fibroblasts (MEFs) defi-
cient in ATF6a or ATF6b revealed that ATF6a
is solely responsible for transcriptional in-
duction of ER chaperones and that ATF6a
heterodimerizes with XBP1 for the induction
of ER-associated degradation components.
ATF6a/ MEFs are sensitive to ER stress. Un-
altered responses observed in ATF6b/ MEFs
indicate that ATF6b is not a negative regulator
of ATF6a. These results demonstrate that
ATF6a functions as a critical regulator of ER
quality control proteins in mammalian cells, in
marked contrast to worm and fly cells in which
IRE1 is responsible.
INTRODUCTION
The folding status of newly synthesized secretory and
transmembrane proteins is monitored in the endoplasmic
reticulum (ER) with only correctly folded molecules al-
lowed to reach their final destination. Quality control of
proteins in the ER is achieved by two different mecha-
nisms, which direct proteins to opposing outcomes (Bu-
kau et al., 2006). The first is the productive folding mech-
anism, which is assisted by a number of ER-resident
molecular chaperones and folding enzymes collectively
termed ER chaperones. The second is the ER-associated
degradation (ERAD) mechanism, by which proteinsDevelopmenunfolded or misfolded in the ER are recognized and deliv-
ered to the cytosol for destruction by the ubiquitin-depen-
dent proteasome system. Under a variety of conditions
termed ER stress, quality control mechanisms become
impaired or are overwhelmed by excessive synthesis of
proteins, resulting in the accumulation of unfolded pro-
teins in the ER. Eukaryotic cells cope with ER stress by ac-
tivating the unfolded protein response (UPR). The cellular
strategy used tomaintain the homeostasis of the ER under
ER stress, which is conserved from yeast to humans, is to
induce the transcription of genes encoding ER chaper-
ones and ERAD components to enhance the capacity of
productive folding and degradation mechanisms, respec-
tively (Mori, 2000).
UPR signaling is transduced by transmembrane pro-
teins in the ER, and the number of such UPR transducers
has increased with evolution (Bernales et al., 2006). In
yeast, a single UPR signal transduction pathway, the
Ire1p pathway, operates, which is required for the induc-
tion of almost all ER chaperones and ERAD components
in response to ER stress. Metazoan cells express three
UPR transducers (IRE1, PERK, and ATF6) ubiquitously.
All three are present in C. elegans as a single gene,
whereas mammalian cells have ubiquitous IRE1a and
gut-specific IRE1b as well as both ubiquitous ATF6a and
ATF6b. Gene targeting is an effective way to identify the
physiological role of a gene product. IRE1a-knockout
mice exhibit embryonic lethality (Lee et al., 2002; Urano
et al., 2000), whereas IRE1b-knockout mice are normal
provided they are not subjected to insult of the gut (Berto-
lotti et al., 2001). Mice deficient in XBP1, a transcription
factor downstream of IRE1, also show embryonic lethality
via a primary defect in liver development (Reimold et al.,
2000). PERK-knockout mice develop diabetes mellitus
and exocrine pancreatic dysfunction after birth (Harding
et al., 2001). These results clearly indicate the importance
of the UPR in the function of professional secretory organs
such as the liver and pancreas.
Mouse embryonic fibroblasts (MEFs) lacking IRE1a,
XBP1, or PERK have been produced and their ability to ac-
tivate the UPR upon ER stress has been extensively char-
acterized. MEFs lacking IRE1a or XBP1 can fully induce
transcription of major ER chaperones such as BiP andtal Cell 13, 365–376, September 2007 ª2007 Elsevier Inc. 365
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Single or Combined Action of ATF6a and XBP1GRP94 in response to ER stress, although MEFs lacking
XBP1 are unable to induce a number of subsets of ER
chaperones, such as ERdj3, ERdj4, P58IPK, and RAMP4
(Lee et al., 2002, 2003). Interestingly, however, MEFs
lacking IRE1a or XBP1 are unable to induce many of the
mammalian ERAD components upon ER stress, such as
EDEM, EDEM2, EDEM3, HRD1, Derlin-1, Derlin-2, and
Derlin-3 (Oda et al., 2006 and references therein). Thus,
the transcriptional regulation of major ER chaperones
and of ERAD components has diverged in mammals.
The PERK pathway is not only responsible for transla-
tional control but also plays a role in transcriptional control
in mammals via the paradoxical induction of translation of
transcription factor ATF4 in response to ER stress (Har-
ding et al., 2000a). Accordingly, transcription of a broad
range of UPR target genes is affected in MEFs lacking
PERK (Harding et al., 2003). Induction of ER chaperones
is less extensive in PERK-knockout MEFs than in wild-
type cells (Harding et al., 2000a), or in knockin MEFs in
which the phosphorylation site of the a subunit of eukary-
otic initiation factor 2 (eIF2a), serine51, has been replaced
by alanine (Scheuner et al., 2001). Importantly, however,
the cis-acting element responsible for transcriptional in-
duction of major ER chaperones, ER stress response ele-
ment (ERSE), is not a direct binding site of ATF4 (Ma et al.,
2002). Thus, a principal regulator of major ER chaperones
has not been identified in mammals.
Here, we targeted the ATF6a and ATF6b genes. Results
showed that ATF6a is solely responsible for the transcrip-
tional induction of major ER chaperones, whereas ATF6a
heterodimerizes with XBP1 for the induction of major
ERAD components in response to ER stress.
RESULTS
Generation of ATF6a/ and ATF6b/ MEFs
ATF6a and ATF6b are ER membrane-bound transcription
factors that are activated by ER stress-induced proteo-
lysis (Haze et al., 1999, 2001). They are constitutively
synthesized as type II transmembrane proteins, namely
precursor forms designated pATF6a(P) and pATF6b(P).
Upon ER stress, pATF6a/b(P) exit the ER to reach the
Golgi apparatus where they are cleaved sequentially by
two proteases, S1P and S2P (Ye et al., 2000). The cyto-
plasmic fragments thus liberated from the membrane
function as nuclear transcription factors designated
pATF6a(N) and pATF6b(N) (Yoshida et al., 2000, 2001b).
Ectopic expression of pATF6a(N), a cleaved and active
form of ATF6a, at a physiological level is sufficient to in-
duce transcription of ER chaperone genes in the absence
of ER stress (Okada et al., 2002). Generation of ATF6a-
and ATF6b-knockout mice by gene targeting was done
using the promoter trap strategy (see the Supplemental
Data available with this article online), as both ATF6a
and ATF6bwere detected by immunoblotting and thus ex-
pressed in the ES cell line J1 (data not shown). Because
human and mouse ATF6a genes consist of 16 exons
and are 193 kb and 160 kb long, respectively (Figure S1A),
we decided to delete exons 8 and 9, which cover the entire366 Developmental Cell 13, 365–376, September 2007 ª2007 Ebasic leucine zipper domain and a majority of the trans-
membrane domain, so that the remaining part of ATF6a
would lose its functionality (Figure S1B). Similarly, we de-
leted exons 10 and 11 of the ATF6b gene (Figure S1C),
which consist of 18 exons, notwithstanding that human
and mouse ATF6b genes are 13 kb and 8 kb long, respec-
tively, and thus much more compact than the ATF6a gene
(Figure S1A). Correctly targeted clones of the ES cell line
J1 in which exons 8 and 9 for ATF6a and 10 and 11 for
ATF6b were replaced by the floxed SA-IRES-bgeo-polyA
cassette were selected by Southern blotting (Figure S1D).
ATF6a- and ATF6b-knockout mice were produced in ac-
cordance with the standard procedure. Pups were born
at the Mendelian ratio, and both ATF6a- and ATF6b-
knockout mice were viable and fertile (data not shown).
We therefore prepared primary MEFs deficient in ATF6a
or ATF6b (Figure S1E) and characterized their properties
with respect to the UPR.
Severely Defective Induction of ER Chaperones
in ATF6a/ MEFs
We examined whether the absence of ATF6a or ATF6b af-
fects induction of ER chaperones in response to ER
stress. It has been established that transcriptional induc-
tion of ER chaperones on ER stress is mediated by the
cis-acting ERSE, the consensus of which is CCAAT-N9-
CCACG (Yoshida et al., 1998). Here, we used human BiP
promoter containing three ERSEs (132 to +7, transcrip-
tion start site set as +1) fused to the firefly luciferase
gene as an ERSE reporter. As shown in Figure 1A, ERSE
reporter activity was induced when ATF6a+/+ MEFs were
treated with tunicamycin, an inhibitor of protein N-glyco-
sylation, or thapsigargin, an inhibitor of Ca2+-ATPase in
the ER, both of which cause ER stress (Kaufman, 1999).
Importantly, we found that induction was lost in ATF6a/
MEFs. In contrast, induction was instead slightly in-
creased in ATF6b/ MEFs as compared with that in
ATF6b+/+ (Figure S2A). These results indicated that
ATF6a, but not ATF6b, is required for ERSE-mediated
transactivation. We also examined the promoter activity
of other ER chaperones. As shown in Figure 1B, luciferase
activity expressed from GRP94 or calreticulin promoter
was induced in ATF6a+/+ MEFs but not in ATF6a/
MEFs. It should be noted that enhanced luciferase activity
from BiP, GRP94, and calreticulin promoters upon ER
stress was dependent on the ERSE sequences present
on them (data not shown).
We then performed northern blot hybridization to exam-
ine induction at the mRNA level. Results showed that the
induction of BiP mRNA observed in tunicamycin- or
thapsigargin-treated ATF6a+/+ MEFs was largely lost in
ATF6a/MEFs (Figure 1C), whereas that in tunicamycin-
or thapsigargin-treated ATF6b+/+ MEFs was unaltered or
at least not enhanced in ATF6b/ MEFs (Figure S2B).
The reason for apparent discrepancy between the results
of reporter assays and those of northern blot analysis ob-
tained for ATF6b/MEFs is currently unclear. Asparagine
synthethase (Asn-S) mRNA and GADD34 mRNA, which
served as a control as they are regulated by the PERKlsevier Inc.
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Single or Combined Action of ATF6a and XBP1Figure 1. Effects of the Absence of
ATF6a on Induction of ER Chaperones
(A) ATF6a+/+ and ATF6a/ MEFs were trans-
fected with the ERSE reporter carrying human
BiP promoter (+ERSE) or reporter luciferase
vector alone (ERSE). Luciferase activities
expressed in transfected cells, which had
been untreated (white boxes) or treated with
2 mg/ml tunicamycin (black boxes) or 300 nM
thapsigargin (gray boxes), were determined
and are presented as described in Experimen-
tal Procedures. Averages of relative luciferase
activity from quadruplicate determination of
four independent experiments are presented
with standard deviations (error bars).
(B) ATF6a+/+ and ATF6a/ MEFs were trans-
fected with reporter plasmid carrying human
GRP94 or calreticulin promoter. Luciferase ac-
tivities in transfected cells were determined
and are presented as in (A). Averages of relative
luciferase activity from quadruplicate deter-
mination of four independent experiments are
presentedwith standarddeviations (error bars).
(C) ATF6a+/+ and ATF6a/MEFs were treated
with 2 mg/ml tunicamycin (Tm, left panel) or
300 nM thapsigargin (Tg, right panel) for the in-
dicated periods. Total RNA was isolated and
analyzed by northern blot hybridization using
a DIG-labeled cDNA probe specific to BiP,
Asn-S, ATF6a, GADD34, or GAPDH.
(D) ATF6a+/+ and ATF6a/MEFs were treated
as in (C). Cell lysates were prepared and ana-
lyzed by immunoblotting using anti-KDEL anti-
body recognizing BiP.
(E) ATF6a+/+ and ATF6a/MEFs were treated
with 2 mg/ml tunicamycin (Tm, left panel) or
300 nM thapsigargin (Tg, right panel) for 24 hr.
Cell lysates were prepared and analyzed by im-
munoblotting using anti-KDEL recognizing BiP,
anti-GRP94, anti-ERp72, anti-P5, and anti-ac-
tin antibodies.pathway (Barbosa-Tessmann et al., 2000; Novoa et al.,
2001), were induced similarly in ATF6a+/+ and ATF6a/
MEFs (Figure 1C). Immunoblotting analysis showed that
induction of BiP and GRP94, two major ER-resident mo-
lecular chaperones, as well as ERp72 and P5, protein di-
sulfide isomerase-like ER-resident folding enzymes, was
defective in ATF6a/ MEFs as compared with ATF6a+/+
MEFs (Figures 1D and 1E). These results identified
ATF6a as a critical regulator of transcriptional induction
of ER chaperones in response to ER stress.
Nearly Intact Induction of XBP1 in ATF6a/MEFs
XBP1, the downstream transcription factor of the IRE1
pathway, is itself ER stress-inducible, and its promoter
contains a perfect ERSE consensus sequence (Yoshida
et al., 2000).We therefore examinedwhether the induction
of XBP1 is affected by the absence of ATF6a or ATF6b. In-
duction of XBP1mRNA occurred similarly in ATF6b+/+ and
ATF6b/MEFs (data not shown).We found that induction
of XBP1 mRNA (Figure 2A) or XBP1 protein (Figure 2B)
upon ER stress was slightly less extensive in ATF6a/
MEFs than in ATF6a+/+ MEFs, but that the differenceDevelopmewas much smaller than that observed for the induction
of ER chaperones. We therefore carried out reporter as-
says using human XBP1 promoter fused to the firefly lucif-
erase gene. Luciferase activity expressed from XBP1 pro-
moter (330 to +129, transcription start site set as +1) was
induced in response to treatment with tunicamycin or
thapsigargin in ATF6a+/+ MEFs (Figure 2C). In marked
contrast to the case of the ER chaperone promoters
shown in Figures 1A and 1B, ATF6a/ MEFs retained
most of their XBP1 promoter inducibility, and this induc-
ibility was dependent on the ERSE present as it was se-
verely inhibited by mutation of the ERSE (Figure 2C).
These results suggest that ERSEs present in ER chaper-
one promoters are functionally distinct from those in the
XBP1 promoter, the molecular basis of which is currently
under investigation. XBP1 may autoregulate its own tran-
scription with or without assistance from ATF6b.
Severely Defective Induction of ERAD
Components in ATF6a/ MEFs
We then examined whether the absence of ATF6a or
ATF6b affects the induction of ERAD components.ntal Cell 13, 365–376, September 2007 ª2007 Elsevier Inc. 367
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Single or Combined Action of ATF6a and XBP1Figure 2. Effects of the Absence of
ATF6a on Induction of XBP1
(A) ATF6a+/+ and ATF6a/MEFs were treated
as in Figure 1C. Total RNAwas isolated and an-
alyzed by northern blot hybridization using
a DIG-labeled cDNA probe specific to XBP1,
BiP, or GAPDH.
(B) ATF6a+/+ and ATF6a/MEFs were treated
as in Figure 1C. Cell lysates were prepared and
analyzed by immunoblotting using anti-XBP1
antibody.
(C) ATF6a+/+ and ATF6a/ MEFs were trans-
fected with reporter plasmid carrying wild-
type (WT) human XBP1 promoter (330) or its
mutant version (mt) in which the single ERSE
was mutated by transversion. Luciferase activ-
ities in transfected cells were determined and
are presented as in Figure 1A. Averages of rel-
ative luciferase activity from quadruplicate de-
termination of four independent experiments
are presented with standard deviations (error
bars).Induction of these is postulated to involve two cis-acting
elements, ERSE-II and the unfolded protein response ele-
ment (UPRE) (Yamamoto et al., 2004). ERSE-II (consensus
sequence ATTGG-N1-CCACGT) is present in the pro-
moter of Herp, a putative component of ERAD highly
inducible during the UPR, and has been shown to be func-
tional in the induction of Herp (Kokame et al., 2001). In
contrast, UPRE (consensus sequence TGACGTGG/A)
was selected through artificial binding site selection ex-
periments (Wang et al., 2000; Yoshida et al., 2001a), and
functional UPRE has not yet been identified in natural
ERAD promoters (see the Discussion section for the prop-
erties of ERSE-II and UPRE). When reporter assays were
performed, we found that the UPRE- and ERSE-II-medi-
ated transactivation observed in ATF6a+/+ MEFs were
lost in ATF6a/ MEFs (Figure 3A). In contrast, ATF6b/
MEFs showed slight enhancement in UPRE- and ERSE-
II-mediated transactivation as compared with ATF6b+/+
MEFs, similarly to the case of ERSE-mediated transacti-
vation (Figure S2A).
Northern blot hybridization analysis showed that induc-
tion of mRNA encoding the three ERAD components
EDEM, HRD1, and Herp observed in ER-stressed
ATF6a+/+ MEFs was lost or greatly diminished in
ATF6a/ MEFs (Figure 3B). In contrast, their induction
in ATF6b+/+ MEFs was unaltered or at least not enhanced
in ATF6b/MEFs (Figure S2C). It has been shown that in-
duction of EDEM mRNA or Herp mRNA is lost or greatly
diminished in IRE1a/ MEFs (Yamamoto et al., 2004;
Yoshida et al., 2003) and that induction of HRD1 mRNA
is blocked by a dominant-negative form of IRE1a (Kaneko
and Nomura, 2003). Importantly, however, defective in-
duction of these ERAD components in ATF6a/ MEFs
could not be explained by the absence of XBP1 as XBP1
is well activated in ATF6a/ MEFs (Figure 2). Depen-
dency of induction of these ERAD components on both
ATF6a and XBP1 suggested the possibility that ATF6a
might heterodimerize with XBP1 to induce them (see
next section).368 Developmental Cell 13, 365–376, September 2007 ª2007 EWe also examined several other ER quality control pro-
teins and found that induction of ERdj3mRNA and P58IPK
mRNA observed in ATF6a+/+ MEFs was lost or greatly
mitigated in ATF6a/ MEFs, whereas induction of
ERdj4 mRNA and RAMP4 mRNA occurred similarly in
ATF6a+/+ and ATF6a/MEFs (Figure 3B: see the Discus-
sion section for the significance of these findings).
Heterodimerization between ATF6a and XBP1
We have previously shown that the active form of ATF6a,
pATF6a(N), is detected in ER-stressed cells much earlier
than the active form of XBP1, pXBP1(S), due to a dif-
ference in their activation mechanisms. This notion is re-
produced in Figure 4A using HeLa cells: pATF6a(N) was
detected as early as 30min after the addition of thapsigar-
gin, while pXBP1(S) was detected from 3 hr. To demon-
strate heterodimerization between ATF6a and XBP1, we
performed sequential immunoprecipitation of ATF6a and
XBP1 from 35S-labeled HeLa cells. To label pATF6a(N),
35S-labeled methionine and cysteine must be added to
the cell culture prior to the addition of thapsigargin be-
cause pATF6a(N) is produced by cleavage of the preexist-
ing precursor form, pATF6a(P). Labeling of pXBP1(S), in
contrast, requires the presence of 35S-labeled methionine
and cysteine in the cell culture during thapsigargin treat-
ment because pXBP1(S) is newly synthesized from
splicedXBP1mRNA. 35S-labeledmethionine and cysteine
were added after starvation for 30 min to each dish twice
(4 hr and 1 hr prior to harvest) to ensure the cells received
the same amounts of radioisotope, while thapsigargin was
added 3 hr or 45 min prior to harvest (as depicted in
Figure 4B). Treatment with thapsigargin for 45 min should
produce pATF6a(N) only, whereas that for 3 hr should
produce pATF6a(N) and pXBP1(S) (see Figure 4A). We
checked whether this labeling condition affected the acti-
vation profile of ATF6a or XBP1 in thapsigargin-treated
cells by performing similar starvation and adding unla-
beled methionine and cysteine in the same amounts as
35S-labeled methionine and cysteine (Figure 4C, upperlsevier Inc.
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Single or Combined Action of ATF6a and XBP1Figure 3. Effects of the Absence of
ATF6a on Induction of ERAD Compo-
nents
(A) ATF6a+/+ and ATF6a/ MEFs were trans-
fected with the UPRE or ERSE-II reporter.
Luciferase activities in transfected cells were
determined and are presented as in Figure 1A.
Averages of relative luciferase activity from
quadruplicate determination of four indepen-
dent experiments are presented with standard
deviations (error bars).
(B) ATF6a+/+ and ATF6a/MEFs were treated
as in Figure 1C. Total RNAwas isolated and an-
alyzed by northern blot hybridization using
a DIG-labeled cDNA probe specific to EDEM,
HRD1, Herp, ERdj3, P58IPK, ERdj4, RAMP4,
or GAPDH.panel). Immunoblotting analysis showed that pXBP1(S)
was detected as early as 45 min after the addition of thap-
sigargin and was clearly seen from 2 hr in this case
(Figure 4C, lower panel). As XBP1 mRNA is induced and
then spliced to produce pXBP1(S) (see Figure 2), and as
we found that XBP1 mRNA was induced in response to
not only ER stress but also amino acid starvation (data not
shown), we reasoned that this labeling condition caused
amino acid starvation, which induced XBP1 mRNA and
thus accelerated production of pXBP1(S) after thapsigar-
gin treatment. Consistent with this notion, CHOP, a basic
leucine zipper-type transcription factor activated in re-
sponse to both ER stress and amino acid starvation,
was not detected prior to thapsigargin treatment under
normal cell culture conditions (see Figure 4A) but was
detected in the absence of thapsigargin under this labeling
condition (Figure 4C).
Sequential immunoprecipitation with anti-ATF6a
antibody followed by anti-ATF6a antibody resulted in de-
tection of comparable amounts of pATF6a(N) at 45 min
and 3 hr (Figure 4D, lanes 1–3), whereas that with anti-
XBP1 antibody followed by anti-XBP1 antibody resulted
in detection of small and large amounts of pXBP1(S)
at 45 min and 3 hr, respectively (Figure 4D, lanes
10–12), consistent with the results of immunoblottingDevelopmentanalysis (Figure 4C). Sequential immunoprecipitation
with anti-XBP1 antibody followed by anti-ATF6a antibody
(Figure 4D, lanes 4–6) or with anti-ATF6a antibody
followed by anti-XBP1 antibody (Figure 4D, lanes 7–9)
resulted in detection of pATF6a(N) (lane 6) or pXBP1(S)
(lane 9), respectively, at 3 hr. Importantly, CHOP was not
coimmunoprecipitated with pATF6a(N) or pXBP1(S)
(Figure 4E). Thus, pATF6a(N) and pXBP1(S) can hetero-
dimerize specifically when both are produced in ER-
stressed cells.
DNA-Binding Properties of ATF6a-XBP1
Heterodimer
We have previously shown that in vitro-translated
pATF6a(373) and pATF6b(392), corresponding to
pATF6a(N) and pATF6b(N), respectively, are unable to
bind to the UPRE, whereas in vitro-translated pXBP1(S)
can efficiently bind to the UPRE (Yoshida et al., 2001a).
These differential DNA-binding properties of ATF6 and
XBP1 are reproduced using electrophoretic mobility shift
assay (EMSA), as shown in Figure 5A [lane 1 for
pATF6a(373), lane 4 for pATF6b(392) and lane 7 for
pXBP1(S)]. We therefore examined whether ATF6a-
XBP1 heterodimer can bind to the UPRE. To distinguish
DNA-binding of heterodimer from that of homodimer byal Cell 13, 365–376, September 2007 ª2007 Elsevier Inc. 369
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Single or Combined Action of ATF6a and XBP1Figure 4. Heterodimerization of ATF6a
with XBP1
(A) HeLa cells were treated with 300 nM thapsi-
gargin for the indicated periods. Cell lysates
were prepared and analyzed by immunoblot-
ting using anti-ATF6a, anti-XBP1, anti-CHOP,
and anti-GAPDH antibodies.
(B) Schematic representation of 35S-labeling
conditions. HeLa cells were starved by cultur-
ing in methinone, cysteine-free medium for
30min from 4.5 hr prior to harvest. 35S-Labeled
methionine and cysteine were added to the
culture twice (20 MBq at 4 hr and 15 MBq at
1 hr prior to harvest). Thapsigargin was added
to the culture 3 or 0.75 hr prior to harvest at a
final concentration of 300 nM.
(C) HeLa cells were treated as in (B) except that
unlabeled methionine and cysteine were
added at the same concentrations and that
thapsigargin was added to the culture 3, 2, 1,
0.75, 0.5, and 0.25 hr prior to harvest. Cell ly-
sates were prepared and analyzed by immuno-
blotting as in (A).
(D) (E) HeLa cells 35S-labeled as in (B) were
lyzed and subjected to first immunoprecipita-
tion using the indicated antibody. The immuno-
precipitates were then subjected to the second
immunoprecipitation indicated. The final
immunoprecipitates were analyzed by SDS-
PAGE.mobility in EMSA, pATF6a(373), pATF6b(392), and
pXBP1(S) were heterodimerized with pXBP1(133), the
N-terminal region of pXBP1(S) containing the basic leu-
cine zipper domain but lacking the activation domain.
pXBP1(133) efficiently bound to the UPRE (Figure 5A,
lanes 3, 6, and 9). When pXBP1(S) was in vitro-translated
simultaneously with pXBP1(133), pXBP1(S)-pXBP1(133)
heterodimer migrating between pXBP1(S) homodimer370 Developmental Cell 13, 365–376, September 2007 ª2007 Eand pXBP1(133) homodimer bound to the UPRE (lane 8).
Similarly, pATF6a(373)-pXBP1(133) heterodimer and
pATF6b(392)-pXBP1(133) heterodimer bound to the
UPRE (lanes 2 and 5, respectively).
We next examined whether there is any difference in
affinity to the UPRE between ATF6-XBP1 heterodimer
and XBP1 homodimer. pATF6a(373) and pXBP1(133)
were in vitro-translated simultaneously and incubatedFigure 5. UPRE-Binding Properties of
ATF6-XBP1 Heterodimer
(A) pATF6a(373), pATF6b(392), pXBP1(S), or
pXBP1(133) were translated in vitro simulta-
neously with (+) or without () pXBP1(133)
and then incubated with 32P-labeled UPRE.
DNA-protein complexes were separated on
nondenaturing gels. Open, closed, and half
circles denote pXBP1(S), pATF6a(373) or
pATF6b(392), and pXBP1(133), respectively.
(B) pATF6a(373) in vitro-translated simulta-
neously with pXBP1(133) was incubated with
increasing concentrations of 32P-labeled
UPRE as indicated. In vitro-translated
pATF6a(373) alone, or pXBP1(133) alone
was also incubated with 10 nM 32P-labeled
UPRE. DNA-protein complexes were sepa-
rated on nondenaturing gels. Ka values of
pATF6a(373)-pXBP1(133) heterodimer and
pXBP1(133) homodimer were determined by
Scatchard plot analysis and are presented as
average ± standard deviation of three indepen-
dent experiments.lsevier Inc.
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Single or Combined Action of ATF6a and XBP1Figure 6. Effects of the Absence of
ATF6a on Viability of MEFs Exposed to
ER Stress
(A) ATF6a+/+ and ATF6a/ MEFs in 6 cm
dishes were treated with 2 mg/ml tunicamycin
(Tm) for the indicated periods, and then trypsi-
nized. An equal number of MEFs (23 105 cells)
was replated into 10 cmdishes and cultured for
5 days without tunicamycin. These resulting
MEFs were stained with crystal violet and
photographed.
(B) ATF6a+/+ and ATF6a/ MEFs in 6 cm
dishes were treated with 2 mg/ml tunicamycin
(Tm) for the indicated periods, and then trypsi-
nized. An equal number of MEFs (13 104 cells)
was replated into 24 well plates in triplicate and
cultured for 5 days without tunicamycin. These
resulting MEFs were stained with crystal violet
and cell viability was determined as described
in Experimental Procedures. The averages
from three independent experiments are
shown with standard deviation (error bars).
(C) ATF6a+/+ and ATF6a/MEFs were treated
with 300 nM thapsigargin for the indicated pe-
riods. Cell lysates were prepared and analyzed
by immunoblotting using anti-phosphorylated
eIF2a and anti-actin antibodies.
(D) ATF6a+/+ and ATF6a/MEFs were treated
with 300 nM (left panel) or 750 nM (right panel)
thapsigargin for the indicated periods, then
pulse-labeled with 35S-labeled methionine
and cysteine (1 MBq for 5 min in left panel or
0.5 MBq for 10 min in right panel) without
starvation in the absence of thapsigargin.
35S-Labeled proteins were analyzed by SDS-
PAGE.
(E) ATF6a+/+ and ATF6a/MEFs were treated
as in Figure 1C. Cell lysates were prepared and
analyzed by immunoblotting using anti-ATF4
and anti-actin antibodies.with increasing concentrations of 32P-labeled UPRE. As
shown in Figure 5B, pATF6a(373)-pXBP1(133) hetero-
dimer exhibited binding activity at lower concentrations
of UPRE than pXBP1(133) homodimer. Scatchard plot
analysis revealed that pATF6a(373)-pXBP1(133) hetero-
dimer possessed 8-fold higher affinity for the UPRE than
pXBP1(133) homodimer. We observed no difference in
affinity to the UPRE between pXBP1(S) homodimer,
pXBP1(133) homodimer, and pXBP1(S)-pXBP1(133) het-
erodimer in similar experiments (data not shown). These
results indicated that ATF6 gains broader DNA-binding
specificity as a result of heterodimerization with XBP1
and that ATF6-XBP1 heterodimer has higher affinity for
the UPRE than XBP1 homodimer. These findings explain
the requirement of ATF6a for UPRE-mediated transactiva-
tion and transcriptional induction of ERAD components
(Figure 3).DevelopmenProtection of MEFs by ATF6a from ER Stress
We investigated the consequences of impaired induction
of ER chaperones and ERAD components in ATF6a/
MEFs by determining cellular viability after ER stress treat-
ment. ATF6a+/+ and ATF6a/MEFs were exposed to tu-
nicamycin, then harvested by trypsinization and plated in
fresh medium. Five days later viable cells were stained
with crystal violet as shown in Figure 6A. ATF6a/
MEFs rapidly lost viability upon ER stress caused by tuni-
camycin, whereas ATF6a+/+ MEFs maintained viability
(see quantitative data in Figure 6B). ATF6b/ MEFs
were slightly more sensitive to tunicamycin treatment
thanATF6b+/+ MEFs (Figure S2D). Similar results were ob-
tained with thapsigargin treatment for both ATF6a/ and
ATF6b/ MEFs (data not shown).
It was previously shown that ER stress-induced transla-
tional attenuation via PERK-mediated phosphorylation oftal Cell 13, 365–376, September 2007 ª2007 Elsevier Inc. 371
Developmental Cell
Single or Combined Action of ATF6a and XBP1Figure 7. Embryonic Lethality Caused by ATF6a and ATF6b Double Knockout
Male mice of ATF6a+/ and ATF6b+/were crossed with female mice of ATF6a+/ and ATF6b+/ (upper panel). Male mice of ATF6a/ and ATF6b+/
were crossed with female mice of ATF6a+/ and ATF6b+/ (middle panel). Male mice of ATF6a+/ and ATF6b+/ were crossed with female mice of
ATF6a+/ and ATF6b/ (lower panel). Genotypes of all 195 pups born were determined and are presented as observed percentages together with
expected percentages.eIF2a is critical to protect cells from ER stress (Harding
et al., 2000b). We therefore examined whether trans-
lational attenuation was affected by the absence of
ATF6a. Results showed that thapsigargin-induced phos-
phorylation of eIF2a (Figure 6C) and inhibition of transla-
tion (Figure 6D) occurred similarly in ATF6a+/+ and
ATF6a/ MEFs. Accordingly, tunicamycin- or thapsigar-
gin-induced paradoxical translational induction of ATF4,
a transcription factor downstream of the PERK pathway,
occurred similarly inATF6a+/+ andATF6a/MEFs. These
results revealed the importance of ATF6a-mediated tran-
scriptional induction in protecting cells from ER stress.
Embryonic Lethality Caused by Double Knockout
of ATF6a and ATF6b
Wefinally tried to produceATF6a,ATF6b-double knockout
mice by crossing male mice of ATF6a+/ and ATF6b+/
with female mice of ATF6a+/ and ATF6b+/, male mice
of ATF6a/ and ATF6b+/ with female mice of ATF6a+/
and ATF6b+/, or male mice of ATF6a+/ and ATF6b+/
with female mice of ATF6a+/ and ATF6b/. As shown
in Figure 7, we obtained no pups of ATF6a/ and
ATF6b/ among 195 pups born. These results suggest
that ATF6a and ATF6b possess at least an overlapping
function which is essential for mouse development.
DISCUSSION
Transcriptional induction of ER chaperones is a primary
response of cells to ER stress from yeast to humans,
and serves to maintain the homeostasis of the ER by re-
folding accumulated unfolded proteins. In this study, we372 Developmental Cell 13, 365–376, September 2007 ª2007 Egenerated primary MEFs deficient in ATF6a or ATF6b
and showed that the absence of ATF6a markedly dimin-
ished induction of major ER chaperones BiP and GRP94
as well as folding enzymes ERp72 and P5 (Figure 1). It
was previously shown that knockdown of ATF6a with
small interference RNA considerably blocked tunicamy-
cin-induced activation of BiP promoter (Lee et al., 2003;
Thuerauf et al., 2004) but had only minimal effects on the
induction of endogenous BiP mRNA and GRP94 mRNA
(Lee et al., 2003). We consider that reporter assays were
more sensitive than northern blot hybridization assays in
these studies and that residual ATF6a in the ATF6a-
knockdown cells was sufficient for the induction of endog-
enous genes but not for reporter genes, which were highly
overexpressed by transfection as compared with endoge-
nous genes. Our results provide the first clear evidence
that ATF6a plays a pivotal role in the induction of ER
chaperones.
It was previously reported that overexpression of
pATF6b(N) exhibited much weaker effects on BiP tran-
scription than that of pATF6a(N), and that simultaneous
overexpression of pATF6b(N) with pATF6a(N) rather
blocked pATF6a(N)-mediated transactivation of BiP pro-
moter (Thuerauf et al., 2004). Knockdown of ATF6b re-
sulted in an approximately 20% increase in the degree
of induction of BiP promoter in response to tunicamycin
treatment. On the basis of these results, these authors
proposed that ATF6b might serve as a transcriptional re-
pressor functioning in part to regulate the strength and du-
ration of ATF6a-mediated transactivation during the UPR
(Thuerauf et al., 2004). The present results, however,
showed that the induction of BiP mRNA observed inlsevier Inc.
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Single or Combined Action of ATF6a and XBP1ATF6b+/+ MEFs was unaltered or at least not enhanced in
ATF6b/ MEFs, although ERSE reporter activity was
slightly increased in ATF6b/ MEFs as compared with
ATF6b+/+ MEFs, as reported in ATF6b knockdown cells
(Figures S2A and S2B). Thus, endogenous ATF6b does
not act as a negative regulator of ATF6a, a finding which
conflicts with the above proposal based on artificial over-
expression experiments. Consistent with this notion,
ATF6b/MEFs were more sensitive to tunicamycin treat-
ment than ATF6b+/+ MEFs, albeit slightly (Figure S2D).
Furthermore, we found that double knockout of ATF6a
and ATF6b causes embryonic lethality (Figure 7). Thus,
the residual weak inducibility of BiP mRNA observed in
ATF6a-knockout MEFs is likely ascribable to ATF6b,
whose transcriptional activator activity is certainly lower
than that of ATF6a (Haze et al., 2001; Thuerauf et al.,
2004). We consider that both ATF6a and ATF6b are
required as positive regulators for the transcriptional in-
duction of ER chaperones and that mice cannot be born
without them. As we are unable to obtain any double
knockout embryos even at embryonic day 8.5 in prelimi-
nary experiments, complete absence of ATF6 function
seems to cause blockage of mouse embryonic develop-
ment at very early stages, as in the case of BiP knockout
(Luo et al., 2006).
The transcriptional induction of ERAD components is
a primary response of cells to ER stress from yeast to hu-
mans and facilitates the maintenance of ER homeostasis
by eliminating accumulated unfolded proteins. Among
the three signaling pathways activated in response to ER
stress, the IRE1-XBP1 pathway has been shown to be re-
quired for transcriptional induction of ERAD components
(see Introduction). Cis-acting elements responsible for
the induction of these ERAD components have not been
identified but it has been postulated that promoters of
ERAD components contain a cis-acting element similar
to the UPRE, on the basis that ER stress-mediated trans-
activation through the UPRE is abolished in IRE1- or
XBP1-knockout cells (Yoshida et al., 2003). Here, we
found that not only ER stress-mediated transactivation
through the UPRE, but also transcriptional induction of
EDEM mRNA and HRD1 mRNA, was abolished in
ATF6a-knockout MEFs (Figure 3) even though XBP1 was
well-induced in response to ER stress (Figure 2). Because
ATF6 itself cannot bind directly to the UPRE in vitro (Yosh-
ida et al., 2001a), these results suggest that ATF6 hetero-
dimerizes with XBP1 to bind UPRE-like elements. We
demonstrated here that this is indeed the case. ATF6
and XBP1 heterodimerized in vivo when both were ex-
pressed in ER-stressed cells (Figure 4), and ATF6-XBP1
heterodimer bound to the UPRE in vitro (Figure 5A). Fur-
thermore, ATF6-XBP1 heterodimer possesses 8-fold
higher affinity to the UPRE than XBP1 homodimer
(Figure 5B). We recently found that ATF6 disulfide bonded
in unstressed ER is reduced in response to ER stress and
only reduced monomer ATF6 reaches the Golgi appara-
tus, where it is cleaved by S1P and S2P (Nadanaka
et al., 2006, 2007). Cleaved monomer pATF6(N) would
be able to heterodimerize with monomer pXBP1(S) newlyDevelopmensynthesized from spliced XBP1mRNAon theway from the
ER to the nucleus.
Using IRE1a/ and XBP1/ MEFs, Lee et al. demon-
strated that the IRE1-XBP1 pathway is not required for
transcriptional induction of major ER chaperones such
as BiP, GRP94, and folding enzyme P5, but is required
for transcriptional induction of a subset of ER quality con-
trol proteins such as EDEM, ERdj3/HEDJ, ERdj4, p58IPK,
and RAMP4 (Lee et al., 2003). Taken together with our
present results, ER quality control proteins are classified
into three subgroups based on the mechanism of tran-
scriptional induction. The first group includes BiP,
GRP94, and P5, transcriptional induction of which de-
pends on ATF6a but not XBP1. This group is considered
to represent the folding branch of the quality control.
The second group includes EDEM, HRD1, Herp, and co-
chaperones ERdj3 and p58IPK, transcriptional induction
of which depends on both ATF6a and XBP1. This group
is likely to represent the degradation branch of the quality
control. Indeed, it was recently shown that p58IPK is in-
volved in cotranslational degradation during translocation
into the ER (Oyadomari et al., 2006). The third group in-
cludes cochaperone ERdj4 andRAMP4, amembrane pro-
tein associated with Sec61 translocon (Hori et al., 2006),
transcriptional induction of which depends on XBP1 but
not on ATF6a. It would be interesting to know whether
any generalized role can be assigned to this group and
whether there is any functional difference between
ERdj3 and ERdj4.
We demonstrate that ATF6-mediated transcriptional in-
duction of ER quality control proteins is critical to protect
cells from ER stress (Figures 6A and 6B). Interestingly,
ATF6 is present as a single gene in C. elegans; however,
deletion of atf-6 has markedly little effect on transcrip-
tional enhancement of genes upon ER stress but affects
constitutive transcription of many genes in worm cells
(Shen et al., 2005). Transcriptional induction of ER chaper-
ones and ERAD components in response to ER stress is
achieved by the ire-1-xbp-1 pathway in worm cells
(Shen et al., 2005), as in the case of S. cerevisiae, in which
the Ire1p-Hac1p pathway is responsible: Hac1p is a func-
tional homolog of metazoan XBP1 (Mori, 2003). It was re-
cently reported that transcriptional induction of ER chap-
erones and ERAD components in response to ER stress is
achieved by the IRE1-XBP1 pathway in D. melanogaster,
also (Hollien and Weissman, 2006). Thus, ATF6 has
evolved into a critical regulator of ER quality control pro-
teins only in higher eukaryotes.
We have proposed the occurrence of a time-dependent
phase shift during the mammalian UPR for determination
of the fate of unfolded proteins accumulated in the ER:
ATF6-mediated unidirectional phase (refolding only) is
shifted to XBP1-mediated bidirectional phase (refolding
plus degradation), depending on the quality or quantity
of unfolded proteins accumulated (Yoshida et al., 2003).
This proposal persists even though ATF6 heterodimerizes
with XBP1 to upregulate transcription of ERAD compo-
nents, because ATF6 alone is still able to induce the tran-
scription of ER chaperones but not of ERAD components.tal Cell 13, 365–376, September 2007 ª2007 Elsevier Inc. 373
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Single or Combined Action of ATF6a and XBP1Our results imply that two signaling pathways (ATF6 and
IRE1-XBP1 pathways) must be activated simultaneously
for the execution of ERAD. The decision to induce ERAD
components must be made carefully as the cell degrades
proteins, whose initial synthesis required the consumption
of numerous ATP molecules, via ERAD, which consists of
multiple ATP-dependent steps and thus also requires high
energy.
EXPERIMENTAL PROCEDURES
Preparation andCulture ofATF6a+/+,ATF6a/,ATF6b+/+, and
ATF6b/ MEFs
Crosses betweenmale and female heterozygotes of ATF6a (ATF6a+/)
and ATF6b (ATF6b+/) were dissected on embryonic day 13.5, and
MEFs were isolated by trypsinization of embryos. Primary MEFs
were cultured in Dulbecco’s modified Eagle’s medium (glucose at
4.5 g/l, DMEM) supplemented with 10% fetal bovine serum, 2 mM glu-
tamine, and antibiotics (100 U/ml penicillin and 100 mg/ml streptomy-
cin) at 37C in a humidified 5% CO2/95% air atmosphere.
Southern and Northern Blot Hybridization
Genomic DNA was recovered by extraction with phenol/chloroform
followed by precipitation with ethanol from cultured cells lyzed and in-
cubated at 55C overnight in lysis buffer (10 mM Tris/HCl, pH 8.0, con-
taining 75mMNaCl, 25 mMEDTA, 1% SDS, and 100 mg/ml proteinase
K). Total RNA was extracted from cultured cells by the acid guanidi-
nium/phenol/chloroform method using ISOGEN (Nippon Gene).
Southern and northern blot hybridization was performed according
to standard procedures (Sambrook et al., 1989). Digoxigenin (DIG)-
labeled cDNA probes were prepared using PCR according to the
manufacturer’s instructions (Roche) and hybridized with DNA after
digestion with the appropriate restriction enzyme or RNA electro-
phoresed and blotted on a membrane. Subsequent reaction with
anti-digoxigenin antibody (Roche) and treatment with the chemilumi-
nescent detection reagent CDP-star (GE Healthcare Biosciences)
were performed according to the manufacturer’s specifications.
Chemiluminescence was visualized using an LAS-1000plus Lumino-
Image analyzer (Fuji Film).
Immunoblotting
Cell lysates were prepared as described previously (Okada et al., 2002)
and analyzed by standard procedures (Sambrook et al., 1989) using
Western Blotting Luminol Reagent (Santa Cruz). Chemiluminescence
was visualized using an LAS-1000plus LuminoImage analyzer (Fuji
Film). Anti-ATF6a (Haze et al., 1999), anti-ATF6b (Haze et al., 2001),
and anti-XBP1 (Yoshida et al., 2001a) antibodies were as described
previously. Anti-KDEL, anti-GRP94, and anti-ERp72 antibodies were
purchased from Stressgen. Anti-ATF4 (anti-CREB-2) and anti-CHOP
(anti-GADD153) antibodies were obtained from Santa Cruz. Anti-actin,
anti-GAPDH, and anti-phosphorylated eIF2a antibodies were from
Chemicon, Trevigen, andCell Signaling, respectively. Anti-P5 antibody
was a generous gift from Drs. Masakazu Kikuchi (Ritsumeikan Univer-
sity) and Nobuhiro Takahashi (Tokyo University of Agriculture and
Technology).
Transfection and Reporter Assays
Transfection was carried out by the standard calcium phosphate
method (Sambrook et al., 1989). Cells were incubated with calcium
phosphate-DNA for 12 hr at 37C, washed with PBS, and further incu-
bated in fresh medium. Resulting transfected cells were untreated or
treated with 2 mg/ml tunicamycin or 300 nM thapsigargin for 12 hr.
The luciferase reporter assays were performed according to our pub-
lished procedures (Yoshida et al., 1998). Averages of relative luciferase
activity from quadruplicate determination of four independent experi-
ments are presented with standard deviations (error bars). pGL3-374 Developmental Cell 13, 365–376, September 2007 ª2007 EGRP78(132)-luc carrying human BiP promoter (Yoshida et al.,
1998) is called the ERSE reporter, whereas p53UPRE-GL3 is identical
to p53ATF6GL3 (Wang et al., 2000) and is called the UPRE reporter.
p33ERSE-II-GL3 (Yamamoto et al., 2004) is called the ERSE-II
reporter. pGL3-GRP94(363)-luc and pGL3-Crt(459)-luc carrying
human GRP94 and calreticulin promoters, respectively, were as de-
scribed previously (Yoshida et al., 1998). pGL3-XBP1(330)-luc was
constructed previously (Yoshida et al., 2000).
Metabolic Labeling and Immunoprecipitation
HeLa cells cultured in DMEM supplemented with 10% fetal bovine
serum, 2 mM glutamine, and antibiotics were incubated for 30 min in
L-methionine- and L-cysteine-free DMEM supplemented with 10%
dialyzed fetal bovine serum, 2 mM glutamine, and antibiotics. The
cells were then labeled with EXPRE35S35S protein labeling mix
(PerkinElmer) dissolved in the above medium. Labeled cells were
washed with ice-cold PBS and then lysed in Triton lysis buffer
(50 mM Tris/HCl, pH8.0, containing 150 mM NaCl, 2 mM MgCl2,
0.1% Triton X-100, 10 mMMG132, protease inhibitor cocktail [Nacalai
Tesque], and benzonase nuclease [Novagen]). Immunoprecipitation
was carried out as described previously (Haze et al., 1999).
EMSA
EMSAwas carried out as described previously (Yamamoto et al., 2004;
Yoshida et al., 2000). pATF6a(373), pATF6b(392), pXBP1(S), and
pXBP1(133) were translated in vitro using the TNT T7 quick-coupled
transcription/translation system (Promega).
Crystal Violet Assay
MEFs in 24-well plates or 10 cm dishes were stained with 200 ml or
1 ml, respectively, of 0.2% (w/v) crystal violet (Nacalai Tesque) in 2%
ethanol for 10 min at room temperature, washed three times with
water, and dried. Stained MEFs in 24-well plates were solubilized
with 600 ml of 1% SDS, and absorbance of the resulting solution was
measured at 570 nm. Cell viability in ER-stressed cells was calculated
as a ratio of A570 relative to that obtained with unstressed cells.
Supplemental Data
The Supplemental Data include two figures and can be found with this
article online at http://www.developmentalcell.com/cgi/content/full/
13/3/365/DC1/.
ACKNOWLEDGMENTS
We thank Ms. Kaoru Miyagawa for technical and secretarial assis-
tance. This work was supported in part by grants from the Ministry
of Education, Culture, Sports, Science and Technology of Japan
(14037233 and 15GS0310 to K.M.).
Received: January 26, 2007
Revised: June 21, 2007
Accepted: July 31, 2007
Published: September 4, 2007
REFERENCES
Barbosa-Tessmann, I.P., Chen, C., Zhong, C., Siu, F., Schuster, S.M.,
Nick, H.S., and Kilberg, M.S. (2000). Activation of the human aspara-
gine synthetase gene by the amino acid response and the endoplas-
mic reticulum stress response pathways occurs by common genomic
elements. J. Biol. Chem. 275, 26976–26985.
Bernales, S., Papa, F.R., and Walter, P. (2006). Intracellular Signaling
by the Unfolded Protein Response. Annu. Rev. Cell Dev. Biol. 22,
487–508.
Bertolotti, A., Wang, X., Novoa, I., Jungreis, R., Schlessinger, K., Cho,
J.H., West, A.B., and Ron, D. (2001). Increased sensitivity to dextranlsevier Inc.
Developmental Cell
Single or Combined Action of ATF6a and XBP1sodium sulfate colitis in IRE1beta-deficient mice. J. Clin. Invest. 107,
585–593.
Bukau, B., Weissman, J., and Horwich, A. (2006). Molecular chaper-
ones and protein quality control. Cell 125, 443–451.
Harding, H.P., Novoa, I.I., Zhang, Y., Zeng, H., Wek, R., Schapira, M.,
and Ron, D. (2000a). Regulated translation initiation controls stress-in-
duced gene expression in mammalian cells. Mol. Cell 6, 1099–1108.
Harding, H.P., Zeng, H., Zhang, Y., Jungries, R., Chung, P., Plesken,
H., Sabatini, D.D., and Ron, D. (2001). Diabetes mellitus and exocrine
pancreatic dysfunction in Perk/mice reveals a role for translational
control in secretory cell survival. Mol. Cell 7, 1153–1163.
Harding, H.P., Zhang, Y., Bertolotti, A., Zeng, H., and Ron, D. (2000b).
Perk is essential for translational regulation and cell survival during the
unfolded protein response. Mol. Cell 5, 897–904.
Harding, H.P., Zhang, Y., Zeng, H., Novoa, I., Lu, P.D., Calfon, M.,
Sadri, N., Yun, C., Popko, B., Paules, R., et al. (2003). An integrated
stress response regulates amino acid metabolism and resistance to
oxidative stress. Mol. Cell 11, 619–633.
Haze, K., Okada, T., Yoshida, H., Yanagi, H., Yura, T., Negishi, M., and
Mori, K. (2001). Identification of the G13 (cAMP-response-element-
binding protein-related protein) gene product related to activating
transcription factor 6 as a transcriptional activator of the mammalian
unfolded protein response. Biochem. J. 355, 19–28.
Haze, K., Yoshida, H., Yanagi, H., Yura, T., and Mori, K. (1999). Mam-
malian transcription factor ATF6 is synthesized as a transmembrane
protein and activated by proteolysis in response to endoplasmic
reticulum stress. Mol. Biol. Cell 10, 3787–3799.
Hollien, J., and Weissman, J.S. (2006). Decay of endoplasmic reticu-
lum-localized mRNAs during the unfolded protein response. Science
313, 104–107.
Hori, O., Miyazaki, M., Tamatani, T., Ozawa, K., Takano, K., Okabe,M.,
Ikawa, M., Hartmann, E., Mai, P., Stern, D.M., et al. (2006). Deletion of
SERP1/RAMP4, a component of the endoplasmic reticulum (ER)
translocation sites, leads to ER stress. Mol. Cell. Biol. 26, 4257–4267.
Kaneko, M., and Nomura, Y. (2003). ER signaling in unfolded protein
response. Life Sci. 74, 199–205.
Kaufman, R.J. (1999). Stress signaling from the lumen of the endoplas-
mic reticulum: Coordination of gene transcriptional and translational
controls. Genes Dev. 13, 1211–1233.
Kokame, K., Kato, H., and Miyata, T. (2001). Identification of ERSE-II,
a new cis-acting element responsible for the ATF6-dependent mam-
malian unfolded protein response. J. Biol. Chem. 276, 9199–9205.
Lee, A.H., Iwakoshi, N.N., and Glimcher, L.H. (2003). XBP-1 regulates
a subset of endoplasmic reticulum resident chaperone genes in the un-
folded protein response. Mol. Cell. Biol. 23, 7448–7459.
Lee, K., Tirasophon, W., Shen, X., Michalak, M., Prywes, R., Okada, T.,
Yoshida, H., Mori, K., and Kaufman, R.J. (2002). IRE1-mediated un-
conventional mRNA splicing and S2P-mediated ATF6 cleavage merge
to regulate XBP1 in signaling the unfolded protein response. Genes
Dev. 16, 452–466.
Luo, S., Mao, C., Lee, B., and Lee, A.S. (2006). GRP78/BiP is required
for cell proliferation and protecting the inner cell mass from apoptosis
during early mouse embryonic development. Mol. Cell. Biol. 26, 5688–
5697.
Ma, Y., Brewer, J.W., Diehl, J.A., and Hendershot, L.M. (2002). Two
distinct stress signaling pathways converge upon the CHOP promoter
during the mammalian unfolded protein response. J. Mol. Biol. 318,
1351–1365.
Mori, K. (2000). Tripartite management of unfolded proteins in the
endoplasmic reticulum. Cell 101, 451–454.
Mori, K. (2003). Frame switch splicing and regulated intramembrane
proteolysis: Key words to understand the unfolded protein response.
Traffic 4, 519–528.DevelopmentNadanaka, S., Okada, T., Yoshida, H., and Mori, K. (2007). A role of di-
sulfide bridges formed in the lumenal domain of ATF6 in sensing endo-
plasmic reticulum stress. Mol. Cell. Biol., in press.
Nadanaka, S., Yoshida, H., and Mori, K. (2006). Reduction of disulfide
bridges in the lumenal domain of ATF6 in response to glucose starva-
tion. Cell Struct. Funct. 31, 127–134.
Novoa, I., Zeng, H., Harding, H.P., and Ron, D. (2001). Feedback inhi-
bition of the unfolded protein response byGADD34-mediated dephos-
phorylation of eIF2a. J. Cell Biol. 153, 1011–1022.
Oda, Y., Okada, T., Yoshida, H., Kaufman, R.J., Nagata, K., and Mori,
K. (2006). Derlin-2 and Derlin-3 are regulated by the mammalian un-
folded protein response and are required for ER-associated degrada-
tion. J. Cell Biol. 172, 383–393.
Okada, T., Yoshida, H., Akazawa, R., Negishi, M., and Mori, K. (2002).
Distinct roles of activating transcription factor 6 (ATF6) and double-
stranded RNA-activated protein kinase-like endoplasmic reticulum ki-
nase (PERK) in transcription during the mammalian unfolded protein
response. Biochem. J. 366, 585–594.
Oyadomari, S., Yun, C., Fisher, E.A., Kreglinger, N., Kreibich, G., Oya-
domari, M., Harding, H.P., Goodman, A.G., Harant, H., Garrison, J.L.,
et al. (2006). Cotranslocational degradation protects the stressed en-
doplasmic reticulum from protein overload. Cell 126, 727–739.
Reimold, A.M., Etkin, A., Clauss, I., Perkins, A., Friend, D.S., Zhang, J.,
Horton, H.F., Scott, A., Orkin, S.H., Byrne, M.C., et al. (2000). An es-
sential role in liver development for transcription factor XBP-1. Genes
Dev. 14, 152–157.
Sambrook, J., Fritsch, E.F., andManiatis, T. (1989). Molecular Cloning:
A Laboratory Manual, Second Edition (Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press).
Scheuner, D., Song, B., McEwen, E., Liu, C., Laybutt, R., Gillespie, P.,
Saunders, T., Bonner-Weir, S., and Kaufman, R.J. (2001). Translational
control is required for the unfolded protein response and in vivo glu-
cose homeostasis. Mol. Cell 7, 1165–1176.
Shen, X., Ellis, R.E., Sakaki, K., and Kaufman, R.J. (2005). Genetic in-
teractions due to constitutive and inducible gene regulation mediated
by the unfolded protein response in C. elegans. PLoS Genet 1, 355–
368. 10.1371/journal.pgen.0010037.
Thuerauf, D.J., Morrison, L., and Glembotski, C.C. (2004). Opposing
roles for ATF6a and ATF6b in endoplasmic reticulum stress response
gene induction. J. Biol. Chem. 279, 21078–21084.
Urano, F., Wang, X., Bertolotti, A., Zhang, Y., Chung, P., Harding, H.P.,
and Ron, D. (2000). Coupling of stress in the ER to activation of JNK
protein kinases by transmembrane protein kinase IRE1. Science 287,
664–666.
Wang, Y., Shen, J., Arenzana, N., Tirasophon, W., Kaufman, R.J., and
Prywes, R. (2000). Activation of ATF6 and an ATF6DNABinding Site by
the Endoplasmic Reticulum Stress Response. J. Biol. Chem. 275,
27013–27020.
Yamamoto, K., Yoshida, H., Kokame, K., Kaufman, R.J., and Mori, K.
(2004). Differential contributions of ATF6 and XBP1 to the activation of
endoplasmic reticulum stress-responsive cis-acting elements ERSE,
UPRE and ERSE-II. J. Biochem. (Tokyo) 136, 343–350.
Ye, J., Rawson, R.B., Komuro, R., Chen, X., Dave, U.P., Prywes, R.,
Brown, M.S., and Goldstein, J.L. (2000). ER stress induces cleavage
of membrane-bound ATF6 by the same proteases that process
SREBPs. Mol. Cell 6, 1355–1364.
Yoshida, H., Haze, K., Yanagi, H., Yura, T., and Mori, K. (1998). Identi-
fication of the cis-acting endoplasmic reticulum stress response
element responsible for transcriptional induction of mammalian
glucose-regulated proteins; involvement of basic-leucine zipper tran-
scription factors. J. Biol. Chem. 273, 33741–33749.
Yoshida, H., Matsui, T., Hosokawa, N., Kaufman, R.J., Nagata, K., and
Mori, K. (2003). A time-dependent phase shift in the mammalian un-
folded protein response. Dev. Cell 4, 265–271.al Cell 13, 365–376, September 2007 ª2007 Elsevier Inc. 375
Developmental Cell
Single or Combined Action of ATF6a and XBP1Yoshida, H., Matsui, T., Yamamoto, A., Okada, T., and Mori, K.
(2001a). XBP1 mRNA is induced by ATF6 and spliced by IRE1 in
response to ER stress to produce a highly active transcription factor.
Cell 107, 881–891.
Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., and Mori, K.
(2000). ATF6 activated by proteolysis directly binds in the presence376 Developmental Cell 13, 365–376, September 2007 ª2007 Eof NF-Y (CBF) to the cis-acting element responsible for themammalian
unfolded protein response. Mol. Cell. Biol. 20, 6755–6767.
Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., Negishi, M., and
Mori, K. (2001b). Endoplasmic reticulum stress-induced formation
of transcription factor complex ERSF including NF-Y (CBF) and acti-
vating transcription factors 6a and 6b that activates the mammalian
unfolded protein response. Mol. Cell. Biol. 21, 1239–1248.lsevier Inc.
